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Abstract. The vacuolar H*-ATPase is essential for the
creation and maintenance of solute gradients. Knowl-
edge of the reversal potential, expressed by the voltage
and pH dependence of the pump may allow to determine
the activity range of the enzyme. In the whole-vacuole
configuration of the patch-clamp technique the applica-
tion of Mg-ATP elicited inward-directed currents
through the H*-ATPase. Reversal of the pump current
was obtained in the presence of a pH gradient across the
membrane (inside acid) by replacement of Mg-ATP by
Mg-ADP and P;. The active nature of this nucleotide-de-
pendent transport process is reflected by a Q,, of 3.2. The
voltage-dependence of the pump was elucidated by
voltage-steps to various depolarizing and hyperpolariz-
ing potentials. In the presence of Mg-ATP the current-
voltage relationship of the pump current is characterized
by an almost linear increase of the steady state current
between 20 mV and 100 mV, tending to saturate at more
positive potentials. The voltage-dependence of the in-
ward pump current could be described by a pseudo-two-
state model.
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Introduction

Vacuolar type (V-type) H'-ATPases represent an ubiqui-
tous group of proton pumps that are found in organelles
such as vacuoles of plants and fungi, as well as lysosomes,
endosomes, secretory and storage granules (Schneider
1987; Hedrich et al. 1989; Forgac 1989; Liuger 1991).
Proton pumps are responsible for the energization of the
vacuolar membrane and acidification of the enclosed in-
tracellular compartments.
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Previous patch-clamp studies on isolated sugar beet
vacuoles have demonstrated that H™ pumps can be acti-
vated by “cytoplasmic” Mg-ATP (Hedrich et al. 1986).
Application of Mg-PP, in addition to Mg-ATP unequivo-
cally demonstrated that two H*-pumps, a H*-ATPase
and a H*-PP, ase are located in the same membrane
(Hedrich and Kurkdjian 1988; Hedrich et al. 1989).

Difficulties in studying the electrical properties of ionic
pumps derive from the fact that whole-cell pump currents
are small and easily masked by ion-channel currents, es-
pecially by SV-type channel currents through the vacuo-
lar membrane (Hedrich et al. 1986; Hedrich and Neher
1987, Lohse and Hedrich 1992) analyzed in this study.
The resolution limit is a consequence of the fact that the
amount of charge moved per unit time by a single active
transporter, pump or carricr molecule, is expected to be at
least three orders of magnitude smaller than currents
through an open ion channel. Thus, signals caused by the
activation of single pump molecules are well beyond the
resolution of the current-voltage amplifiers presently
available. Instead, the whole-cell configuration, allowing
the concerted activation of all pump molecules in the
entire membrane surface, enabled us to analyze H* cur-
rents through the vacuolar ATPase and to characterize
the voltage-dependence of this electroenzyme in the phys-
iological voltage range. Under conditions which largely
supressed ion channel activity, we studied the tempera-
ture- and voltage-dependence and direction of the steady-
state H*-current generated by the V-type ATPase.

Material and methods
Vacuole isolation

Sugar beet vacuoles were obtained from fresh taproots as
described before (Coyaud et al. 1987). Cutting a thin slice
of tissue and rinsing the surface with a few drops of
bathing solution allowed vacuoles to be extruded directly
into the recording chamber. The osmolarity of the tap-
root was measured and the osmotic pressure of the solu-
tions adjusted accordingly by addition of p-sorbitol.
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Seal formation and whole-vacuole recordings

Patch-clamp measurements were performed on isolated
sugarbeet vacuoles using the whole-vacuole configura-
tion. Access to the vacuole interior was gained by break-
ing the membrane under the patch pipette by 1 ms
voltage pulses of +0.6—1.0V. The ionic current was
recorded with a List EPC7 current-voltage amplifier and
stored on a video cassette recorder equipped with a PCM
Sony F1, modified according to Bezanilla (1985). Data
were digitized using an Instrutech A/D/A board (In-
strutech, Elmont, N.Y.) interfaced to a personal computer
Atari 4Mega ST. The series of step voltages were generat-
ed by a personal computer. Current responses were
simultaneously stored on hard disk. Analysis was done off
line both on the Atari personal computer and on a 386
MS-DOS compatible system.

Perfusion pipettes

The bathing medium of the vacuole could be changed in
a few seconds by a ‘“fast’ perfusion system (second range)
from standard bath solution (control) to bath + ATP (or
ADP +P) and vice versa. The volume flow and the posi-
tion of the pipettes was optimized with respect to the
speed of solute exchange and maintenance of whole-vac-
uole configuration. Briefly two perfusion pipettes with a
tip diameter of about ten micrometers were filled with
solution and mounted on a holder connected to a hy-
draulic manipulator. The position of the pipettes could be
manually adjusted and thereby vacuoles could be rapidly
exposed to the different solutions. In order to test the
effects of ATP and ADP on the same vacuole, a system
based on three perfusion pipettes (control/+ATP/
+ADP, see Fig. 3a) was used. A peristaltic pump con-
nected to reservoir containing the bath solution was con-
tinuously running throughout the experiment to prevent
ATP or ADP contamination from the perfusion pipettes.

The resistance of the patch pipettes was in the 2—-5
Mohm range and the seal resistance was >10 Gohm.
Pump current measurements were performed on vac-
uoles, 20—40 um in diameter.

Results and discussion

At cytoplasmic calcium concentrations above 1pum
(‘high-calcium’ media) a voltage dependent SV-type (slow
vacuolar) channel is the main charge carrier of the vacuo-
lar membrane (Hedrich and Neher 1987; see Hedrich and
Schroeder 1989 for review). These predominant passive
ion fluxes were recorded in the whole-vacuole configura-
tion in the presence of symmetrical solutions of 100 mm
KCl in the bath and pipette. From voltage-step current
relaxation experiments the steady-state current could be
derived as a function of the membrane potential (Fig. 1).
In this electrolyte solution the current adopts an expected
zero current reversal potential of about 0 mV (deduced
from tail current experiments, cf. Hedrich et al. 1986). At
negative potentials a slope conductance of about 3 - 1078
S/vacuole (2 - 1072 S/cm?) was obtained.
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Fig. 1. Inward rectifying currents, the major ionic component of the
vacuolar membrane. Steady-state current-voltage relation of SV-
type channels in the whole vacuole. Inset: Slow activating voltage-
dependent currents were elicited upon hyperpolarization of the
membrane. The vacuole was clamped to 0 mV and stepped to vari-
ous potentials between +100 and —100 mV during 1s voltage
pulses. Ionic composition of the bath and pipette solution were: KCl
100 mm, CaCl, 1 mm, MgCl. 2 mM, Hepes/KOH pH 7 and sorbitol
to adjust a final osmotic pressure of 760 mOsmol

For positive voltages the current exhibits a steep in-
ward rectification. These slow activating inward currents
did not inactivate even during prolonged voltage stimula-
tion (Fig. 1 inset). In the presence of 0.1-1 mM external
calcium the membrane resistance in the physiological
voltage range of the H*-ATPase (about —20 to 100 mV,
vacuolar side relative to the cytoplasm) was >1 Gohm.
Therefore ‘high-calcium’ media were selected to study the
voltage dependence of the H* -pump. The I-U character-
istics of the whole vacuole, however, indicated that ATP-
dependent currents could be resolved reliably only be-
tween —20mV +100 mV. In this voltage range pump
currents could be resolved without using channel block-
ers (Hedrich and Kurkdjian 1988).

In order to distinguish between active (ATP-driven)
and passive ion transport pathways the electrical proper-
ties of the vacuolar membrane have been determined in
the absence and presence of Mg-ATP. By clamping the
membrane at the zero-current potential of about O mV,
inward currents were elicited by cytoplasmic Mg-ATP
(Mg-ATP in the bath solution). The upward arrow in
Fig. 2 indicates the change in position of the superfusion
pipette containing only the bath solution (control) to
5 mM Mg-ATP medium (see materials and methods). The
onset of inward current reflects the availability of Mg-
ATP to drive the pump process. During perfusion with
Mg-ATP inward H"-currents reached peak values of
about 10—150 pA/vacuole (0.5 pA/em? in Fig. 2¢). The
corresponding difference of vacuolar currents (Fig. 2c) in
the absence and presence of Mg-ATP, as derived from
Fig. 2b, can be considered as the net pump current. Un-
der current-clamp the resting potential of the vacuole
shown in Fig. 2a shifted reversibly from —7mV to
+42 mV during Mg-ATP superfusion.
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Fig. 2a—c. ATP-induced inward currents through the vacuolar H™-
ATPase. a The vacuole was clamped at a holding potential of 0 mV,
Arrows indicate the times where the position of the perfusion pipette
facing the vacuole was changed between control and 5 mm Mg-ATP
solution. Lower inset: Application and withdrawal of Mg-ATP
through alternating position of the two perfusion pipettes in front
of the vacuole. In each experiment the two solutions were applied
several times. Upper inset: Voltage-staircases of 20 mV increments
were applied as indicated to study the voltage-dependence of the
H™-ATPase. lonic solutions in the bath and pipette were: KCI
100 mm, MgCl, 5 mm, CaCl, 10 um, citrate/KOH 20 mm pH 8, and
sorbitol to adjust a final osmotic pressure of 990 mOsmol. b Steady-
state whole-vacuolar currents in the absence (a before ATP-treat-
ment) and e after ATP-removal and presence (a) of 5 mm Mg-ATP
as a function of membrane potential. With the vacuole clamped to
a holding potential of 0 mV, voltage-staircases (see a) were applied
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When an H*-gradient of four pH units was estab-
lished across the membrane (pH 4 inside and pH 8 out-
side) and the extravacuolar face was exposed to ADP and

, outward currents indicate the reversal of the pump
(Fig. 3a and b). The interconversion of outward current
into inward current, by the change in energy charge only
(Fig. 3a) indicates that both processes are related. As a
consequence of H* release, which would result in ATP
synthesis, the membrane potential shifts to more negative
values (Fig. 3; current clamp).

Besides the nucleotide-dependence (Figs. 2a and 3
Hedrich et al. 1986 and 1989), the active nature of this
H*-transport system was verified by its temperature sen-
sitivity. The temperature dependence of the vacuolar H™ -
ATPase was monitored during the change in the bath
temperature from 22 to 12°C (Fig. 4). The decrease in the
pump-current amplitude represents a Q,, value of 3.2
which corresponds to an activation energy of 87 kJ/mol
for the entire transport process. For clearer presentation
the vacuolar current was not plotted on an expanded time
scale, but a ‘knick’ (Overath and Triauble 1973; Overath
et al. 1975) could not be observed, indicating a change in
pump activity rather than a phase transition in the lipid
matrix.

The rise time of the pump current (e.g. Fig. 2a, lower
inset) results from the time needed for ATP-containing
solutions to replace the control solution. The time re-
quired to reach 50% of the Mg-ATP-induced steady-state
current ranged between a few and 10 s, owing to varia-
tions in the position of the perfusion pipette in front of the
vacuole (Fig. 2a lower inset).

Under steady-state conditions in the presence (Fig. 2a,
upper inset) or absence of Mg-ATP a sequence of voltage
steps (ranging from —30mV to + 130 mV) were applied
from the holding potential. During the voltage pulse pump
currents reached a new steady-state within 20 ms (not
shown). A reliable analysis of the voltage-dependent kinet-
ics of the ATP-induced currents were, however, hindered
by the large capacitance of the vacuole (> 15 pF). In accor-
dance with the inward current measured in the presence of
Mg-ATP the currents elicited during individual voltage
pulses shifted towards more negative values. The corre-
sponding I - U characteristics measured before (filled trian-
gles), during (open triangles) application and after removal
of Mg-ATP (filled circles) are illustrated in Fig. 2b.

after the currents had reached a steady state under the various
experimental conditions applied. ¢ Voltage-dependence of the vac-
uolar H™ -pump current obtained as difference from the data of b.
Current-voltage relation of the electrical properties of the vacuolar
membrane under +Mg-ATP conditions represent the net pump
current. The curve is fitted by Eq. (1) using the following parame-
ters: Nd=10""7 mol-m™2, p,,=63.5s"1, p,, =057, k,,(0)=35
s 1k, (0)=690 s~ 1. z=1 was assumed for the number of protons
transported per pump cycle. Inset: Two-state reaction scheme of the
V-type ATPase. For a theoretical description of the H*-pump we
assumed only one voltage-dependent step in the reaction cycle. In
this case the steady-state current voltage relation can be described
by a symbolic two-state scheme. This pseudo two-state model con-
sists of two fictitious states E1 and E2 of the pump cycle that are
connected by a voltage-dependent transition
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Fig. 4. Temperature-dependence of the vacuolar H*-pump. The
vacuole was clamped to 0 mV at 22°C. The arrow indicates applica-
tion of 1 mM Mg-ATP to the cytosolic face of the membrane. After
ATP-induced vacuolar currents reached a steady-state the bath tem-
perature was reduced to 12 °C. Corresponding steady-state currents
measured at 22 and 12°C are indicated on the vertical scale. For
clectrolyte solutions see Fig. 1

Note, that there was almost no difference between val-
ues recorded before (control) and after the Mg-ATP treat-
ment (recovery). The voltage-dependent activity of this
electroenzyme, as obtained from Fig. 2¢ (see above), was
almost linear throughout the physiological voltage range
(20— 100 mV), tending to saturate at voltages higher than
100 mV. Analysis at more extreme voltages was difficult
owing to the increase of passive currents at depolarizing
potentials and to the very steep activation of SV channels
at hyperpolarizing potentials (see Fig. 1).

Since activation of a proton-dependent transport sys-
tem by its substrate, the proton, was not possible, we
identified the H*-pump I-U from the difference in vac-

Fig. 3. a Inward and outward H™ currents through
the vacuolar ATPase. Inward and outward currents
across the vacuolar membrane following applica-
tion of “cytosolic” 5 mm Mg-ADP and its replace-
ment by 5 mM ATP in the presence of 10 mm KP,
and a proton gradient across the vacuolar mem-
brane (pH,,, =8 and pH,, ... =4). b Reversion of
the proton-pump. ADP and P, induced outward-
currents and hyperpolarization in energized (4pH)
vacuoles. Application of “cytosolic” 5 mm Mg-
ADBP in the presence of 10 mM KP, and a proton
gradient across the vacuolar membrane (pHy,,, =8
and pH,, .. =4) elicited H*-currents of about

40 pA at a holding potential of 0 mV. At the time
indicated we switched from voltage-clamp to cur-
rent-clamp to monitor the free-running membrane
potential. Ionic solutions were: 100 mm KCl, 10 mm
MgCl,, 1 mMm CaCl,, 20 citric acid pH 4 in the
pipette and 100 mm KCl, 10 mm MgCl,, 1 mm
K,HPO,, 20 citric acid pH § in the bath. The
osmotic pressure was adjusted to 1000 mosmol
with D-sorbitol

uolar currents in the absence and presence of Mg-ATP
(Fig. 2¢). Corresponding kinetic analysis of the I-U
curve was performed in terms of the minimal-reaction
scheme of the proton pump, the pseudo two-state model
(Hansen et al. 1981). The model consists of two states E1
(protonated) and E2 (deprotonated) within the pump cy-
cle that are connected by a voltage-dependent transition
in parallel with a voltage-independent step (Fig. 2 c, inset).
The steady-state current can thus be expressed as:

kiy(W)pry—ky (Wpy, (1)
kis(u)+kyy () +pis+pas

Assuming a symmetrical dielectric (Eyring) membrane
barrier, the following relations hold:

ki, (w)=k,,(0) exp(zu/2) 2)
kay (u)=k,; (0) exp(—zu/2) 3

u=FU/RT denotes the reduced potential, N the number
of pump molecules contributing to I(u), F Faraday con-
stant, R gas constant, T absolute temperature. The pre-
factor d, as well as the rate constants are phenomenolog-
ical fit-parameters to which an explicit meaning can be
assigned only a posteriori in terms of the ‘real’ multi-state
reaction cycle (Lduger 1991). z gives the valency of the
translocated ion in a single turnover of the ATPase. The
pump I-U curves measured within the voltage-range tol-
erated by the vacuolar membrane did not allow the appli-
cation of a real multi-state model, even though additional
states might exist (Lauger 1991).

Assuming an apparent z of 1, a least squares fit of Eq
(1) to the experimental data of the ATP-dependent I-U
curve yields a sufficient description of the transport pro-
cess. It is obvious that application of Eq. (1) for a descrip-

I{uy=z ey N-d




tion of Fig. 2¢ allows no independent determination of
the value of z since the real multi-state reaction cycle and
therefore the multiplicator d is not known. The determi-
nation of the real valency z requires additional informa-
tion about the number of moles of ATP hydrolyzed with
respect to charge transport. The appearance of proton
gradients of about 56 pH units between the cytoplasm
and vacuole interior (e.g. lemon fruits or brown algae; for
review see Hedrich and Schroeder 1989), however, pro-
vides evidence for an apparent ATP/H™ stoichiometry of
1 rather than 2 (Sze et al. 1992).

The rate constants (see legend to Fig. 2¢), indicate that
the rate limiting step is the hydrolysis of ATP
(py,=63.5s""), while p,, =0 the reverse reaction in the
cycle is negligible. These numbers are in agreement with
the absence of ADP and P, in the experiments of Fig. 2.
The presence of both reaction partners at the cytoplasmic
face of the H™-pump on the other hand enables ATP
synthesis (Fig. 3). Reversal of the pump around 0 mV (far
from equilibrium) seems thus to be energized by the
chemical gradient of the H* (about —230mV; pH 8 in
the cytoplasm and pH 4 inside the vacuole).

Our observations thus allow us to describe the mecha-
nistic properties of ATP synthesis according to Senior
1988 (see also Liuger 1991), where ADP and P, bind
tightly to the electroenzyme with high affinity. In the
bound form, ATP formation results from conformational
changes in the enzyme and change in ATP-binding affin-
ity following energization.

Further experiments concerning the voltage depen-
dence of the reversed V-type ATPase, as well as of the
activation energy, will help to generate a more complete
reaction scheme of the pump process under various phys-
iological conditions.
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